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Surrogate modelAbstract Based on computational ﬂuid dynamics (CFD) method, electromagnetic high-frequency
method and surrogate model optimization techniques, an integration design method about aerody-
namic/stealth has been established for helicopter rotor. The developed integration design method is
composed of three modules: integrated grids generation (the moving-embedded grids for CFD sol-
ver and the blade grids for radar cross section (RCS) solver are generated by solving Poisson equa-
tions and folding approach), aerodynamic/stealth solver (the aerodynamic characteristics are
simulated by CFD method based upon Navier–Stokes equations and Spalart–Allmaras (S–A) tur-
bulence model), and the stealth characteristics are calculated by using a panel edge method combin-
ing the method of physical optics (PO), equivalent currents (MEC) and quasi-stationary (MQS),
and integrated optimization analysis (based upon the surrogate model optimization technique with
full factorial design (FFD) and radial basis function (RBF)), an integrated optimization analyses on
aerodynamic/stealth characteristics of rotor are conducted. Firstly, the scattering characteristics of
the rotor with different blade-tip swept and twist angles have been carried out, then time–frequency
domain grayscale with strong scattering regions of rotor have been given. Meanwhile, the effects of
swept-tip and twist angles on the aerodynamic characteristic of rotor have been performed.
Furthermore, by choosing suitable object function and constraint condition, the compromised
design about swept and twist combinations of rotor with high aerodynamic performances and
low scattering characteristics has been given at last.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The rotor not only affects the helicopter’s aerodynamic
characteristics directly,1 but also is one of the keys to reduce
the radar cross section (RCS) of the armed helicopter.2 The
helicopter rotor may induce frequency modulations on the
Table 1 Parameters of the reference rotor.
Parameter Value
Radius (m) 8.4
Chord (m) 0.56
Rotational speed (r/min) 258
Swept-tip angle () 0
Aspect ratio 15
Blade number 4
Airfoil OA209
Twist angle () 0
738 X. Jiang et al.echo-signal, and sidebands about Doppler frequency shift due
to its rotation motion are signiﬁcantly different from aircraft
ﬁxed-wing. Meanwhile, the unsteady ﬂowﬁeld around heli-
copter rotor is very complex such as shock waves on the
advancing blade tip and separated ﬂow regions at the retreating
side. Therefore the integrated analysis about aerodynamic and
stealth characteristics of rotor is a challenging multidisciplinary
design optimization (MDO) task with great practical value.
Currently, new blade-tip planform and twist distribution
have become an important symbol of modern advanced heli-
copter rotor. New blade-tip planform can improve compres-
sion of the advancing blade, delay shock waves and reduce
the strength of blade tip vortex. The negative twist of blade
induces more uniform distribution of blade circulation and
delays ﬂow separation on the retreating blade, as a result it
can improve rotor performance in hover. Theoretical analyses
show that the hover ﬁgure of merit (FM) can be improved by
up to about 5% by ideal blade twist angle of rotor, which
means that the payload of helicopter can be increased by about
10% to 20% in Ref.3. Meanwhile, the maximum radar’s detec-
tion range varies only as the fourth root of the RCS, which
means reducing RCS of rotor with new blade-tip planform
and twist distribution can enhance low observable features of
helicopter.
There are many theoretical and experimental methods used
for rotor aerodynamic and stealth investigation. Stroub4 gave
some experimental results about blade-tip with rectangular,
taper, swept, combined taper and swept planforms of the rotor
which were tested in wind tunnel by NASA’s Ames Research
Center in 1978, and the swept-tip planform has more advan-
tages than other planforms on the aerodynamic performance
of rotor. Theoretical investigations of blade-tip are not sufﬁ-
cient, and the mechanism about the aerodynamic characteris-
tics of different blade-tips is not very clear so far. Zhao
et al.5,6 proposed a hybrid Navier–Stokes/full potential/free
wake solver, and simulated the three dimensional viscous ﬂow
over a rotor with advanced tip shapes in both hover and for-
ward ﬂight conditions. In recent years, some researchers have
made great progress in numerical simulation on rotor ﬂowﬁeld
for the new blade-tip in Refs.7,8. Different methods have been
used to analyze the RCS of rotating blade in the past. Yang
and Bor9 measured the backscattering of rotating skew-plated
metal blades in an anechoic chamber, and the effects of rotation
motion on its RCS characteristics were investigated. Van
Bladel10 proposed the quasi-static method ﬁrstly, which pro-
vided a theoretical basis for the investigation of rotor scattering
characteristics. Lahaie and Sengupt11 calculated the RCS dis-
tributions of rotating plate based on the physical optics (PO)
and the method of quasi-stationary (MQS) in 1979. Refs.12,13
employed the PO and the method of equivalent currents
(MEC) to calculate scattering characteristics and time–fre-
quency domain distributions of rotor, and the effects of inci-
dence, frequency, blade number on the RCS spectrum were
analyzed, as a result some meaningful conclusions were given.
At present, some researches of rotor scattering characteris-
tics are mainly focused on calculating simple rectangular
blades. The RCS effects of rotor with advanced aerodynamic
shape (blade-tip swept and twist) have not been systemically
investigated, the strong scattering source, the time frequency
domain characteristics of echo signal, and the RCS ﬂash prop-
erties (strong scattering region) caused by blade tip are not suf-
ﬁciently analyzed. Few papers focus on the integratedoptimization analyses about aerodynamic/stealth design of
advanced helicopter rotor currently.
To develop a highly efﬁcient computational method that can
be used inMDOdesign of rotor, an integration design based sur-
rogate model method is proposed to predict aerody-
namic/stealth characteristics of rotor in this paper. Firstly, the
orthogonal and body-ﬁtted aerodynamic/RCS computational
grids around rotor blade are generated by solving Poisson equa-
tions and folding approach. On this basis, the Navier–Stokes
equations in a rotating frame combined with Spalart–Allmaras
(S–A) turbulence model are used as the governing equations to
acquire the reliable ﬂowﬁeld and aerodynamic characteristics
of hovering rotor. The stealth characteristics are calculated by
using a panel edge method combining the method of PO,
MECandMQS inRef.14. Then integrated optimization analyses
of aerodynamic/stealth characteristics of rotor are developed by
surrogate model technique. Additionally, the aerodynamic and
stealth characteristics of rotors with different swept-tips, twist
angles and combinations of swept-tip and twist angles are dis-
cussed respectively. Finally, based on choosing suitable objec-
tive function and constraint condition about synthesized
aerodynamic and RCS characteristics, the rotor with high aero-
dynamic performances and low scattering characteristics is
designed through comprehensive analyses.
2. Integrated grid techniques
The aerodynamic/stealth integrated grids around rotor are
generated by solving Poisson equations and folding approach,
which satisfy aerodynamic/electromagnetic calculation stabil-
ity and the radar wave length ratio requirement. Table 1 pro-
vides the parameters of the reference rotor. The moving-
embedded grids consisting of the background grids and the
body-ﬁtted CAO grids around blade for the CFD solver are
shown as Fig. 1.
The quadrilateral and triangular electromagnetic grids are
generated by spanwise interpolation and folding. Table 2
shows the RCS topological data of different blades, and com-
putational electromagnetic grids around the blade for the RCS
solver are shown as Fig. 2, where R0 is radius of rotor, X is
rotating speed.
3. Numerical methods
3.1. CFD method
The rotor ﬂowﬁeld characteristics are simulated by Navier–
Stokes equations with S–A turbulence model. The Navier–
Stokes equations in integral form can be written as
Fig. 1 Moving-embedded grid system for CFD solver.
Table 2 RCS topological data of different blades.
Blade number Node Panel Edge
Triangle Quadrangle
1 14320 48 14014 134
4 57280 192 56056 536
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QdV ð1Þ
whereW is the vector of conservative variables, Fc the convec-
tive ﬂux, Fv the viscous ﬂux and Q rotating terms.
The monotonic upwind scheme for conservation laws
(MUSCL) and centered formula are used for spatial discretiza-
tion of convective ﬂuxes and viscous ﬂuxes respectively.
Meanwhile, the efﬁcient implicit scheme of lower–upper sym-
metric Gauss–Seidel (LU-SGS) is adopted for temporal
discretisation.
3.2. RCS method
The total RCS of target can be approximated as the sum of
surface and edges. The scattering ﬁeld of surfaces and edges
are calculated by PO and MEC. The RCS time–frequency
domain characteristics of the rotor are obtained by MQS.
3.2.1. Physical optics
Stratton and Chu have shown that Maxwell’s equations can be
expressed in source-free regions as the surface integrals15,16:Fig. 2 Computational electromagneticEs ¼
I
s
½jxlðnHtÞw0 þ ðn EtÞ  »w0 þ ðn  EtÞ»w0dS
ð2Þ
Hs ¼
I
s
½jxeðn EtÞw0 þ ðn EtÞ  »w0 þ ðn  EtÞ»w0dS
ð3Þ
where w0 is the Green function of free space, Es and Hs are
the scattered electric and magnetic ﬁeld respectively, Et and Ht
are the total electric and magnetic ﬁeld respectively, n is an
outward surface normal erected on the surface patch ds, l
and e are relative permeability and permittivity respectively,
x ¼ k= ﬃﬃﬃﬃﬃelp , and k is free space wave number.
3.2.2. Method of equivalent currents
According to the MEC,17,18 the scattering ﬁeld of equivalent
line can be expressed as
Ed ¼ jkw0
Z
½ZIes ðs tÞ þ Imðs tÞ expðjkr  sÞdl ð4Þ
where Ie and Im are equivalent line electrical and magnetic cur-
rents respectively, Z the impedance of free space, k ¼ 2p=k,
and k is free space wavelength, dl the length of ledge, s the unit
vector along diffraction direction, t the unit vector along edge
direction, and r the position vector of reference point of target.
3.2.3. Radar cross section
The RCS can be deﬁned as the area of a ﬁctitious perfect
reﬂector of electromagnetic waves that would reﬂect the samegrids around blade for RCS solver.
740 X. Jiang et al.amount of energy back to the transmitting/receiving radar
antenna in Ref.19. The RCS can be expressed as
r ¼ lim
R!1
4pR2
jEsj2
jEij2
ð5Þ
where r is radar cross section, R the distance from the target to
the radar, Ei the incident electric ﬁelds.
3.2.4. Method of quasi-stationary
Method of quasi-stationary: because the speed of the radar
wave is very much higher than the rotational speed of rotor,
the rotating blades can be regarded as a series of stationary
processes at each instant. The relative velocity of the blade sec-
tion is different along the spanwise, which causes the Doppler
frequency shift.
The wide range and dynamic radar signal of rotor can be
comprehensively observed by the time–frequency analysis
(TFA) presented. In 1946 Gabor proposed short-time
Fourier transform (STFT), and the frequency distribution
can be obtained from short-time domain signal. The time win-
dow functions are introduced to the signal analysis and pro-
cessing, and RCS time–frequency domain distribution can be
conducted by the STFT. The discretized formulation of
STFT can be expressed as
STFT ðt;x0Þ ¼
Z
sðt0Þwðt0  tÞejx0t0dt0 ð6Þ
where sðt0Þ is signal function, t0 the next time of sampling time
t, wðt0  tÞ the window function, x0 the angular frequency.
The maximum Doppler frequency of rotor can be written as
Fdmax ¼ ð2R0X cos hÞ=k ð7Þ
where h is the angle between the radar wave direction and the
plane of rotating blade.
If the time domain of echo-signal is transformed into the
frequency domain using Fourier transform, the temporal sam-
pling should satisfy the Nyquist theorem:
Ts 6 1=ð2FdmaxÞ ð8Þ
where Ts is the minimum sampling period.
3.3. Surrogate model
Surrogate model is developed with experiment design methods
and approximation models.
The FFD has advantages of analyzing interactions between
factors and effects of each factor on the system.
The RBF was developed by Hardy20 which used linear
combinations of a symmetric function based on Euclidean dis-
tance to establish approximation models. RBF approxima-
tions ﬁts good to arbitrary contours of both deterministic
and stochastic response functions. A simple form of radial
basis function can be expressed as
fðxÞ ¼
Xn
i¼1
wi/ðriÞ; i ¼ 1; 2;    ; n ð9Þ
where wi is weight coefﬁcient, and r
i ¼ x xij j is Euclidean
distance between point x ¼ fx1; x2;    ; xng and sample point
xi ¼ fxi1; xi2;    ; xing.The multi-quadric (M-Q) function is cho-
sen in the RBF, which has extensive estimated characteristics.
The M-Q function form can be expressed as/ðrÞ ¼ ðr2 þ d2Þ
1
2 ð10Þ
where parameter dP 0.
3.4. Integrated analysis method
Based upon CFD method, electromagnetic high-frequency
method, and surrogate model, an integration design about
aerodynamic/stealth of rotor is established. Fig. 3 shows ﬂow-
chart of integrated analysis about aerodynamic/stealth of
rotor. The method consists of three modules: grid generation,
solvers and integrated design.
Step 1. Grid generation module.
Satisfying density and orthogonality of grid by adjusting
the source term in the Poisson equations, the CAO grids
around blade for CFD solver and blade body-ﬁtted grids for
RCS solver are generated respectively.
Step 2. Solver modules.
Based upon ﬁnite volume method and S–A turbulence
model, Navier–Stokes equations are chosen to solve the ﬂow-
ﬁeld and aerodynamic characteristics of rotor.
Based upon the combination of PO, MEC and MQS meth-
ods, a panel edge method is developed to solve the electromag-
netic ﬁeld and RCS characteristics of rotor.
Step 3. Integrated design module.
An optimization systemic method is developed from FFD
and RBF. By choosing suitable objective function and con-
straint condition, an integration design of aerodynamic/stealth
of rotor is conducted. If optimized rotor that satisﬁes design
target with high ﬁgure of merit and low scattering characteris-
tics, the integrated method outputs geometric parameters
about blade-tip swept and twist combinations of rotor, if
not, recalculate.4. Results and discussion
4.1. Test case
The RCS case: the cone is taken as numerical example under
the conditions of radar frequency f ¼ 6:0 GHz with vertical
and horizontal polarization respectively, and the electromag-
netic grids of cone consist of 24 triangular panels and 12 edges.
Fig. 4 shows the calculated results, where W is scattering angle.
As can be seen, the computed results agree well with the exper-
imental data.21 It is demonstrated that the method is effective
in simulating the stealth characteristics of rotor.
The aerodynamic case: UH-60A rotor is simulated under
the conditions of Matip ¼ 0:628, Re ¼ 2:75 106 and
h0:7 ¼ 9:0. Fig. 5 shows the calculated aerodynamic character-
istics including pressure coefﬁcient Cp, lift coefﬁcient CL along
the spanwise, thrust coefﬁcient CT and FM of UH-60A rotor
compared with the experimental data. As can be seen, the cal-
culated results are in good agreements with the experimental
data.22 It has been demonstrated that the method is capable
of simulating the aerodynamic characteristics of rotor.
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Fig. 5 Comparisons of calculated aerodynamic characteristics with experimental data of UH-60A rotor.
Fig. 4 Comparisons of calculated RCS characteristics with experimental data of cone.
742 X. Jiang et al.4.2. Effects of swept-tip angles
Fig. 6 shows the scattering characteristics about rotor with dif-
ferent swept-tip angles (hs ¼ 0, 10, 20, 30). Fig. 6(a) shows
schematic of swept-tip angles. As can be seen, with the increase
of swept-tip angle, the strong scattering source and radiation
direction at the swept blade-tip (0:9R0  R0) position of rotor
are changed. The RCS distributions of the different swept-tip
angles are compared in Fig. 6(b). Based on the comparisons
of RCS characteristics of different swept blade-tip rotors withFig. 6 Effects on RCS of rotor wthe reference rotor, the scattering amplitudes of the three swept
blade-tips appear at angle W ¼ 10, 20 and 26 with increases
of 21.89, 17.36, 27.39 dB m2 respectively. Obviously, the
swept tip produces strong radar reﬂectivity. Fig. 6(c) shows
the RCS peak and mean value (rpeak; rmean ¼ r303061 þ

r60120
61
þ r150210
61
þ r240300
61
Þ=4) of rotor with different swept-tip
angles. With the increase of swept-tip angle, the RCS
peak of rotor shows weakening trend. When the swept-tip
angle is equal to 20, the RCS mean value of rotor increases
obviously.ith different swept-tip angles.
Fig. 7 RCS time–frequency domain grayscale of rotor.
Integrated optimization analyses of aerodynamic/stealth characteristics of helicopter rotor based on surrogate model 743Fig. 7 shows the RCS time–frequency domain grayscale of
rotor with swept-tip angle hs equal to 0 and 30 respectively.
As can be seen, the radar echo signals of blade have some
ﬂashes (denoting stronger scattering ﬁelds) which are located
at positive and negative Doppler frequency shift. The addi-
tional eight RCS short ﬂashes caused by blade-tip swept are
shown in Fig. 7(b). As can be seen from the Doppler signature
ﬁgure, the blade number, the blade length, the blade-tip veloc-
ity and blade-tip shape can be basically estimated.
Fig. 8 shows the RCS time frequency domain grayscale of
rotor with swept angles hs equal to 0, 10, 20, 30, respec-
tively. As can be seen, compared with the reference rotor,Fig. 8 RCS time–frequency domain grayscale of rotor at
different swept angles.the RCS short ﬂashes produced by the swept blade-tip appear
in Ths¼10 ¼ 0:0065 s, Ths¼20 ¼ 0:0130 s, and Ths¼30 ¼ 0:0168 s,
respectively. And the Doppler frequency shifts because the
swept blade-tip is at the frequencies of 7177, 7160,
7145 Hz, respectively. According to the stronger echo signal
of the swept blade-tip, it is demonstrated that blade-tip swept
is one of the important scattering sources.
Fig. 9 shows the aerodynamic characteristics about rotor at
different swept-tip angles. As can be seen from Fig. 9(a), with
the increase of blade-tip swept angle, the lift coefﬁcient of
blade section increases obviously from the starting position
of blade-tip swept. Fig. 9(b) shows the surface pressure distri-
butions of blade with different swept-tips, and non-
dimensional pressure is normalized by the dynamic pressure
based on the velocity of blade tip. As can be seen from
Fig. 9(c), compared with the rectangular blade rotor, the ﬂow
velocity of blade tip section is decreased and spanwise velocity
of blade tip is increased, meanwhile, the range of pressure cen-
ter and adverse pressure gradient are reduced.
4.3. Effects of blade twist angles
Fig. 10 shows the effects of different twist angles on rotor
RCS. Fig. 10(a) shows twist angles distribution of blade. The
RCS distributions of rotor with two twist angles (hT ¼ 0
and hT ¼ 24:885) are compared in Fig. 10(b). As can be
seen, compared RCS of rotor with different twist angles, the
RCS oscillations are not obvious. Fig. 10(c) shows the RCS
peak and mean value of rotor with different twist angles.
With the decrease of twist angle, the scattering surface area
of blade reduces in the scattering direction, as a result, the
RCS peak and mean value of rotor shows a reduction trend.
Fig. 11 shows the aerodynamic characteristics of rotor with
different twist angles. As can be seen from Fig. 11(a), with the
increase of twist angle, the lift coefﬁcient of blade section has
the same variation trend, resulting in more uniform distribu-
tion of aerodynamic load on the blade tip. Fig. 11(b) gives
the surface pressure distributions of blade with different twist
angles. As can be seen, the angle of attack in outboard blade
with twist angle is smaller than that of reference blade, which
is conducive to decrease the adverse pressure gradient and the
shock strength in the blade-tip region.
Fig. 9 Effects on aerodynamic characteristics of rotor with different swept angles.
Fig. 10 Effects on RCS of rotor with different twist angles.
Fig. 11 Effects on aerodynamic characteristics of rotor with different twist angles.
744 X. Jiang et al.5. Integrated design of aerodynamic/stealth of rotor
5.1. Integrated analyses
The integrated analyses about aerodynamic and stealth char-
acteristics of rotor is an MDO issue, and the blade shapes of
rotor that can improve aerodynamic performance and reduce
RCS at the same time are usually inconsistent, so the key is
to efﬁciently and accurately search the aerodynamic/stealthcompromised results which can be described as Pareto front.
The multi-objective problem can be transformed into a single
objective problem by the linear weighted sum method.
The samples of rotor with different blade-tip swept and twist
combinations are selected by FFD, then the aerody-
namic/stealth characteristics of rotors are calculated by CFD
and high-frequency method respectively, and the ﬁtting
responses are obtained by the RBF. The total 16 (4 4) samples
(hT ¼ 24:885 0; DhT ¼ 8:295, hs ¼ 0 30; Dhs ¼ 10)
Integrated optimization analyses of aerodynamic/stealth characteristics of helicopter rotor based on surrogate model 745are in design space, and the total 961 (31 31) ﬁtting samples
(hT ¼ 24:885 0; DhT ¼ 0:8295, hs ¼ 0 30; Dhs ¼ 1)
are in design space.
The test case statuses: Matip ¼ 0:6675; Re ¼ 7 106;
h0:7 ¼ 12:0, radar frequency f ¼ 5:0 GHz, vertical polariza-
tion. Table 3 shows the comparison between surrogate model
approximation and CFD/RCS simulation, and the test
samples are located at the largest distance from the previous
calculated samples by the present method. The errors between
calculated results and ﬁtting value from surrogate model are
less than 3%. As a result, it is demonstrated that the surrogate
model optimal method can satisfy the requirements for
accuracy in practical applications.
Fig. 12 shows the RCS peak and mean value of rotor with
the combinations of different swept and twist angles. As can beTable 3 Comparisons between surrogate model approximation and
Test sample FM Error ð%Þ rpeak ðdB m
Fitting Computed Fitting
hs ¼ 5
hT ¼ 4:15
0.7269 0.7348 1.08 17.63
hs ¼ 15
hT ¼ 12:44
0.7462 0.7581 1.57 17.47
hs ¼ 25
hT ¼ 20:73
0.7484 0.7696 2.75 18.01
Fig. 12 RCS peak and mean values of rotor with c
Fig. 13 FM and RCS peak and mean vseen, a Pareto front which denotes the decrease of the RCS
peak and mean value has been given in Fig. 12(b).
The FM and RCS peak and mean values of rotor of the ﬁt-
ting surfaces with different shape distributions are shown in
Fig. 13. As a result, designers can choose the Pareto region
in Fig. 14 or objective function with suitable constraints to ﬁnd
the optimized rotor that satisﬁes the aerodynamic/stealth
requirements at the same time.
5.2. Integrated design
Based on the inﬂuencing factors about aerodynamic and scat-
tering characteristics of rotor, the optimized rotor can be
designed by appropriate objective function and constraint
condition.CFD/RCS simulation.
2Þ Error ð%Þ rmean ðdBm2Þ Error ð%Þ
Computed Fitting Computed
17.23 2.32 20.68 21.31 2.96
17.62 0.85 19.08 18.56 2.80
17.94 0.39 18.31 18.80 2.61
ombinations of different swept and twist angles.
alues of rotor of the ﬁtting surfaces.
Fig. 14 FM, RCS peak and mean values of rotor with combinations of different swept and twist angles.
746 X. Jiang et al.The design statuses are the same as the test case.
The RCS units of rotor should be converted to m2, then
FM, rpeak, and rmean are normalized:
rpeak ¼ rpeakðrpeakÞmax
rmean ¼ rmeanðrmeanÞmax
FM ¼ FM
FMmax
8><
>: ð11Þ
The objective function is
min f ¼ 1
4
rpeak þ 14rmean þ 12 FM
s:t:
1
2
FMP 0:48
1
4
rpeak þ 14 rmean 6 0:3
(
ð12ÞTable 4 Comparisons of objective function between reference
and optimized rotor.
Rotor 1
2FM
1
4rpeak þ 14 rmean f
Calculated value of reference
rotor
0.4685 0.3193 0.7878
Fitted value of optimized rotor 0.4812 0.2843 0.7655
Calculated value of optimized
rotor
0.4816 0.2765 0.7581
Fig. 15 RCS characteristics of rTable 4 shows the comparisons of objective function
between reference and optimized rotor. The combined rotor
with blade-tip swept angle hs ¼ 8 and twist angle
hT ¼ 19:0785 satisﬁes the objective function and the corre-
sponding constraint condition. The weighted sum error
between calculated and ﬁtting sample from surrogate model
is small. As a result, it is demonstrated that the optimal
method can satisfy the requirements in practical applications.
Fig. 15 shows the comparisons of RCS characteristics
between reference and optimized rotor. Compared with stealth
characteristics of reference rotor, the rpeak of the optimized
rotor decreases by 0.85 dB m2, and the rmean of the optimized
rotor increases by 0.14 dB m2. At the same time, the addi-
tional eight RCS short ﬂashes caused by blade-tip swept of
optimized rotor appear in 0.0052, 0.0633, 0.1215, 0.1792 s
respectively, as can be seen in Fig. 15(b). But the whole stealth
characteristics of the optimized rotor are better than that of
reference rotor in Table 4.
Fig. 16 gives the comparisons of aerodynamic characteristics
between reference and optimized rotor. Compared with aerody-
namic performances of reference rotor, the FM of optimized
rotor improved signiﬁcantly. Because of blade-tip swept and
twist, the range of pressure center on the optimized blade moves
outward along the blade tip, and the minimum pressure coefﬁ-
cient of optimized blade is smaller than that of reference bladeeference and optimized rotor.
Fig. 16 Aerodynamic characteristics of reference and optimized rotor.
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ence on its performance due to the three-dimensional effect.
Fig. 16(c) gives a comparison of vorticity distribution between
reference and optimized rotor. The vortex strength of optimized
rotor blade tip is weaker than that of the reference rotor.
Although the optimized rotor is not the best aerodynamic
and RCS solution, the compromised design of rotor with high
aerodynamic performances and low scattering characteristics
has been given by the weight coefﬁcient, which shows that the
surrogate model optimization strategy is feasible in practice.
Currently, the integrated optimization analyses of aerody-
namic and stealth design of advanced helicopter rotor with
multi-factors such as airfoil parameters, different blade num-
bers, swept and anhedral blade-tips are an important trend.
Based on CFD method, electromagnetic high-frequency
method and surrogate model optimization techniques, the
designers can quickly choose a new blade planform in the
Pareto front optimized by objective function with suitable con-
straints, which has high aerodynamic performances and low
observable characteristics.6. Conclusions
(1) The integrated optimization method can be used to
accurately and efﬁciently design the rotor with
aerodynamic performance improvement and RCS
reduction.
(2) From the RCS time frequency domain grayscale of
rotor, the blade number, the blade length, the blade-
tip velocity and blade-tip shape can be basically
estimated, and these features are important for the clas-
siﬁcation of an unknown helicopter with different rotor
shape.
(3) The blade-tip swept is one of the important and strong
scattering sources of rotor, and the additional RCS
ﬂashes caused by blade-tip swept are located on positive
and negative Doppler frequency shift.
(4) Based upon surrogate model optimal techniques, the
new designs about blade-tip swept and twist combina-
tion of rotor with high aerodynamic performances and
low observable characteristics can be obtained.
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